The abundance of copy number variants (CNVs) and regions of homozygosity (ROHs) have been well documented in previous studies. In addition, their roles in complex diseases and traits have since been increasingly appreciated. However, only a limited amount of CNV and ROH data is currently available for the Swedish population. We conducted a population-based study to detect and characterize CNVs and ROHs in 87 randomly selected healthy Swedish individuals using the Affymetrix SNP Array 6.0. More than 600 CNV loci were detected in the population using two different CNV-detection algorithms (PennCNV and Birdsuite). A total of 196 loci were consistently identified by both algorithms, suggesting their reliability. Numerous diseaseassociated and pharmacogenetics-related genes were found to be overlapping with common CNV loci such as CFHR1/R3, LCE3B/3C, UGT2B17 and GSTT1. Correlation analysis between copy number polymorphisms (CNPs) and genome-wide association studies-identified single-nucleotide polymorphisms also indicates the potential roles of several CNPs as causal variants for diseases and traits such as body mass index, Crohn's disease and multiple sclerosis. In addition, we also identified a total of 14 815 ROHs X500 kb or 2814 ROHs X1M in the Swedish individuals with an average of 170 and 32 regions detected per individual respectively. Approximately 141 Mb or 4.92% of the genome is homozygous in each individual of the Swedish population. This is the first population-based study to investigate the population characteristics of CNVs and ROHs in the Swedish population. This study found many CNV loci that warrant further investigation, and also highlighted the abundance and importance of investigating ROHs for their associations with complex diseases and traits.
INTRODUCTION
There is a growing body of copy number variant (CNV) maps covering different world populations. [1] [2] [3] [4] [5] Most of these newer studies used high-resolution methods for detecting CNVs, such as the Affymetrix SNP Array 6.0, which has a higher density of singlenucleotide polymorphism (SNP) and copy number probes than previous microarray-based methods. This has led to an improved performance of microarray-based methods to detect smaller CNVs (o50 kb). 1, 6 In contrast, previous studies have used much lower resolution arrays, such as the bacterial artificial chromosome (BAC) clone or oligonucleotide comparative genomic hybridization arrays and SNP genotyping arrays. [7] [8] [9] [10] Currently, there is only one CNVdetection study in a Swedish population, 10 but this was performed in a small sample size of 33 individuals and used a low-resolution 32-K bacterial artificial chromosome clone microarray. This has hampered the study from detecting less common and smaller CNVs and from estimating the population frequency of CNVs. The ability to detect smaller CNVs is critical as they are more numerous than the larger CNVs. 11 In addition, the study by Díaz de Ståhl et al. 10 was unable to detect regions of homozygosity (ROHs) as the bacterial artificial chromosome clone microarray was unable to generate allelic intensity data. Research on ROHs has started to gain impetus, as evidenced by the increasing number of publications after the first study by Gibson et al. 12 reported the abundance of ROHs in the human genome of outbred populations. Further studies have investigated the population characteristics of ROHs in healthy individuals, [13] [14] [15] and also performed association analyses to identify ROHs that are associated with complex diseases and traits in a case-control study design. [16] [17] [18] To circumvent the limitations of the previous study by Díaz de Ståhl et al., 10 we conducted a study in a Swedish population by genotyping 100 individuals using the Affymetrix SNP Array 6.0 (Affymetrix, Santa Clara, CA, USA). The main aim of this study was to perform a more comprehensive detection of CNVs and ROHs in the Swedish population and to describe their population characteristics. Although several studies have been performed to detect and characterize CNVs and ROHs in multiple European populations, these studies have also documented the genetic differences among these populations. 14, 15, 19 The extension of the International HapMap Project to include an additional seven populations in Phase III further suggests that multiple populations from diverse ancestries or different geographical locations are needed to study their population genetics. 20 These previous studies have justified the need for a population-based study to characterize CNVs and ROHs in healthy Swedish individuals. We also compared the Swedish population with the HapMap phase III populations using principal component analysis.
MATERIALS AND METHODS

Samples and genotyping platform
A total of 100 randomly selected healthy Swedish individuals volunteering as controls in case-control studies were studied. Peripheral blood samples of the participants for genomic DNA extraction were drawn and stored at the Karolinska Biobank. Identities of the participants were kept anonymous and no personal identifiers were used. All 100 samples were genotyped using the Affymetrix Genome-Wide Human SNP Array 6.0 as per the manufacturer's protocol. Two samples were removed from further analysis because their genotype call rates were below 98% and the remaining 98 samples were used for CNV detection.
CNV-detection algorithms and analyses
CNV calling using PennCNV. We used two CNV-detection algorithms, namely PennCNV 21 and Birdsuite, 22 for both comparison and validation. This study focused only on the CNVs in the 22 autosomes because of the inaccuracy of Birdsuite to detect CNVs in sex chromosomes. Log R ratio and B allele frequency were calculated according to the PennCNV algorithm (http://www. openbioinformatics.org/penncnv/penncnv_tutorial_affygw6.html). Smaller CNVs (o1 kb) were also included in our analysis, as PennCNV by default does not limit its detection to CNVs 41 kb in size. We applied a set of filtering criteria as recommended by the algorithm, namely Log R ratio-s.d 40.35, B allele frequency-median 40.55, B allele frequency-median o0.45 and B allele frequency-drift 40.006 to exclude samples with poor quality of signal intensity data (http://www.openbioinformatics.org/penncnv/). This resulted in a further exclusion of 11 samples, with the final set for analysis consisting of 87 samples. For each sample, PennCNV generated a list of CNVs with their confidence scores. The confidence score is a log Bayes factor that measures the likelihood that the locus harbors an abnormal copy number. A confidence score of X10 has been recommended as the threshold to classify reliable CNVs. Therefore, we retained all CNVs called with confidence scores X10 for subsequent analyses. Although the confidence score is only a statistical measure of a true positive, our previous study 5 found that CNVs with a higher confidence score are more likely to be detected consistently across two genotyping platforms. Therefore, this justifies our decision to retain only reliable CNVs called with a sufficient degree of confidence.
Construction of CNV loci using PennCNV output. The CNVs called by PennCNV were shown to overlap across samples. Thus, we merged or grouped these individual CNV calls into discrete, non-overlapping loci, with the boundaries of each locus determined by the union of all CNVs that belonged to that particular locus. This construction of CNV loci was needed to estimate the population frequencies and these steps were performed using the methods that we have developed previously. 5, 23 We classified the status of these CNV loci into three categories, 'del' (loci containing deletions), 'dup' (loci containing duplications) and 'del/dup' (loci containing both deletions and duplications).
Copy number polymorphism (CNP) calling using Canary (Birdsuite). Birdsuite software 22 was also used to analyze the Affymetrix SNP Array 6.0 data. There are two components in the software for detecting copy number changes, namely Canary and Birdseye. Canary was used to determine the integer copy number at each of the predefined 1316 CNPs. The term 'CNPs' used by McCarroll et al. 1 is to describe common CNV loci. These 1316 CNPs were found in more than one HapMap II individual and their sizes were also accurately determined. Therefore, we used the Canary component in Birdsuite to determine the integer copy number of the 1316 CNPs in the 87 Swedish samples. These 1316 CNPs are distributed in all the autosomes and sex (X and Y) chromosomes. However, 25 CNPs located in the sex chromosomes were removed because the CNP calling in these chromosomes was less accurate. Thus, the results reported in this study comprised only 1291 CNPs in the 22 autosomes. Confidence statistics generated for the CNPs were also used to identify poor-quality calls, and only integer copy numbers detected with high confidence as recommended by the software (confidence score 40.1) were used for subsequent analyses.
Correlation analysis of CNPs. We performed a correlation analysis of CNPs and the nearby SNPs. Because the sizes of the CNPs were previously accurately determined by McCarroll et al., 1 we restricted the analysis to only the CNPs detected by Canary. For each of the 1291 CNPs, SNPs within a 200-kb window from the start and end positions of the CNP were considered. We used the squared Pearson's correlation (r 2 ) for correlation analysis. The genotype calling of the Affymetrix SNP Array 6.0 was carried out using Birdsuite. In addition, to investigate the potential associations of CNPs with human diseases and traits, the same methods of r 2 calculations for the 1291 autosomal CNPs and the SNPs that were identified by genome-wide association studies (GWAS) were adopted. The list of GWAS-SNPs was downloaded from the National Human Genome Research Institute website (http://www.genome.gov/gwastudies/) on 26 October 2010.
CNV calling using Birdseye (Birdsuite). In addition to PennCNV, we also used another algorithm, Birdseye, to analyze the same set of data as different algorithms tend to have different sensitivities and specificities for detection of CNVs in different regions throughout the genome. As such, CNV loci detected by PennCNV and Birdseye can be cross-validated. Therefore, we used the Birdseye component in Birdsuite to detect additional CNVs throughout the genome, which was not restricted to the 1316 predefined CNPs. Similarly, only CNVs in autosomal chromosomes were used because of the inaccuracy of Birdseye in the sex chromosomes. CNVs with low confidence, as recommended by the software (confidence scorep5), were removed from subsequent analysis.
Construction of CNV loci using Birdseye output. We also constructed CNV loci based on the Birdseye output using methods similar to those applied to the PennCNV output. The cutoff for the confidence score used by PennCNV (X10) and Birdseye (X5) was recommended by both algorithms. This allowed for greater comparability between the CNV loci detected by these two algorithms.
Comparison of CNV loci detected by PennCNV and Birdsuite. The CNV loci identified by PennCNV and Birdseye were compared as a 'validation' step. We used a 'reciprocal 50% overlapping' method to compare the CNV loci detected by these two algorithms and considered a CNV locus 'found' by both algorithms when this locus was detected in both PennCNV and Birdseye with an overlap of X50% of their lengths.
Novel CNV loci. To identify novel CNV loci, we compared the CNV loci detected by PennCNV and Birdseye with the data from the Database of Genomic Variants (DGV). 24 We used the latest data from the DGV (variation.hg18.v8.aug.2009.txt and indel.hg18.v8.aug.2009.txt) downloaded from the DGV Website (http://projects.tcag.ca/variation/). A CNV locus identified by PennCNV and Birdseye was considered novel if it did not share at least 50% of its length with any CNV loci cataloged in the DGV. All the downstream analyses after PennCNV and Birdsuite were performed using the statistical software package R (http://www.r-project.org/).
Comparison with HapMap phase III populations
The CEL files of the Affymetrix SNP Array 6.0 for the seven populations in HapMap phase III project were downloaded from the ftp site (ftp://ftp.ncbi. nlm.nih.gov/hapmap/raw_data/hapmap3_affy6.0/). The HapMap phase III populations studied are people of African ancestry in the southwestern USA (ASW), the Chinese community in Metropolitan Denver, Colorado, USA (CHD), Gujarati Indians in Houston, Texas, USA (GIH), the Luhya in Webuye, Kenya (LWK), people of Mexican ancestry in Los Angeles, California, USA (MEX), the Maasai in Kinyawa, Kenya (MKK) and the Tuscans in Italy (TSI). All the samples were analyzed using Canary similarly to the analysis of the Swedish population. Only unrelated samples were included in our study, that is, family-related samples were removed using the 'relationships' file provided by the International HapMap Project. After the sample exclusion step, a total of 594 unrelated samples from the seven HapMap III populations were analyzed: ASW (n¼52), CHD (n¼89), GIH (n¼89), LWK (n¼90), MEX (n¼53), MKK (n¼132) and TSI (n¼89). We performed principal component analysis to compare the Swedish population with the HapMap phase III populations using the CNP output generated by Canary.
ROH-detection algorithms and analyses
In addition to CNVs, we also detected ROHs using PennCNV in the 22 autosomes of the 87 Swedish individuals. However, we only focused on ROHs X500 kb, as this cutoff was adopted in a previous study. 18 For each of these we confirmed that they are ROHs by determining the genotypes of the SNPs that fall within each region. We then calculated the percentage of heterozygosity (number of heterozygotes/total number of heterozygotes and homozygotes). We also calculated the percentage of missingness genotypes (number of missingness/total number of SNPs in each ROH). First, we used an arbitrary cutoff of the median of the percentage of heterozygosity (2.5%) to allow for some heterozygote calls resulting from calling or genotyping errors. As a result, we removed half of the ROHs with a percentage 42.5%. Second, we removed ROHs with 41% for the missingness, to remove regions where genotype calling was problematic. Finally, for the remaining ROHs, we also ensured a density of one SNP per 10 kb to exclude those ROHs that could be spuriously detected by a sparse number of SNPs. As such, for a 500-kb ROH, a minimum of 50 SNPs is required. These three criteria were used as the filters to exclude less reliable ROHs. Several summary statistics were then computed to describe the characteristics of ROHs in the Swedish population.
RESULTS
Characteristics of CNVs identified by PennCNV
After filtering unreliable CNV calls, an average of approximately 36 CNVs per individual with a ratio of deletions to duplications of approximately 2.6:1 was discovered (Supplementary Table 1 ). The number of CNVs per individual ranged from 22 to 65. The median size of a CNV was 28.6 kb and approximately 66% of the CNVs were o50 kb and 26% were o10 kb (Supplementary Figure 1) . The median size of deletions was approximately fourfold smaller than the median size of duplications.
Characteristics of CNV loci identified by PennCNV
We merged overlapping CNVs to construct CNV loci and identified 623 loci, of which 476 loci contained deletions ('del-loci'), 102 loci contained duplications ('dup-loci') and 45 loci contained both deletions and duplications ('del/dup-loci'; Table 1 Table 1 ). More than 77% of the del-loci were o50 kb, and in comparison only 22.55% of dup-loci were within this size range. The majority (62.75%) of dup-loci ranged from 50 to 500 kb. In summary, there were far more del-loci, but their sizes tended to be smaller than those of dup-loci. A list of the 623 loci is shown in Supplementary Table 2 .
Of the 623 CNV loci, 268 loci were detected in X2 individuals (Table 1) . The remaining loci were detected in only one individual; these loci were not necessarily 'singleton loci' as we only studied 87 individuals. The proportion of del-loci detected in X2 individuals (40.76%) was much higher than the proportion for dup-loci (28.43%). Among the high-frequency CNV loci (loci that were detected in multiple individuals), several overlapped with disease-related genes such as WWOX and ERBB4 (gastric and pancreatic cancers and melanoma) [25] [26] [27] and CACNA1C (bipolar disorder) 28 or drug-metabolizing genes such as GSTT1 29 (Supplementary Table 2 ). For example, a deletion locus overlapping with WWOX (a tumor suppressor gene) was detected in 24 of the 87 individuals (27.6%), and a deletion locus encompassing GSTT1 was deleted at a population frequency of 13.8%. In addition, the proportion of del-loci encompassing the UCSC genes (28.36%) was much lower than dup-loci (50.00%) overall. Detection of CNVs using microarrays is usually plagued with poor specificity or a high false-positive rate. In an effort to validate the 623 CNV loci constructed from the PennCNV output, we compared them with the CNV loci detected by Birdseye. We found 196 loci (31.46%) with X50% reciprocal overlap with the Birdseye data and the status of 'del' , 'dup' and 'del/dup' of the 196 loci were consistent with the Birdseye data. For the remaining 427 CNV loci that were not confirmed by Birdseye data, we found that 247 loci had been cataloged in the DGV (please see Materials and methods). Therefore, by applying two different ways of validation, 443 (71.1%) of the 623 CNV loci detected by PennCNV were considered reliable in this study (Table 1) .
Characteristics of CNPs identified by Canary (Birdsuite)
Approximately 49.81% of the 1291 autosomal CNPs were nonpolymorphic in the Swedish population (Supplementary Table 3 ). The population frequency distribution pattern of the 1291 CNPs is shown in Supplementary Figure 2 . Among the polymorphic loci (648 CNPs) and non-polymorphic CNPs (643 loci) in the Swedish population, 289 loci (44.60%) and 255 loci (39.66%) overlapped with genes or entries from the UCSC annotation of the human genome, respectively. No substantial difference was observed between the polymorphic and non-polymorphic loci.
The majority of the 648 polymorphic CNPs were biallelic (545 CNPs or 84.1%), of which the integer copy numbers were either exclusively deletions, that is, copy number of 0 or 1 (387 CNPs or 59.7%), or exclusively duplications, that is, copy number of 3 or 4 (158 CNPs or 24.4%). Among the biallelic 545 CNPs, only one showed significant deviation from HWE at an FDR o0.01.
Numerous CNPs were found to overlap with important known disease-or pharmacogenetics-related genes ( Table 2 ). The frequencies of these CNPs ranged from relatively uncommon (2.78% for CNP118) to completely polymorphic (100% for CNP88). For example, CNP88 overlapped with GSTM1 and GSTM2 was found to be completely deleted in the Swedish population, where all except one carried twocopy deletions. However, it is noteworthy that in approximately half of the sample (47 individuals), the integer copy numbers were successfully determined with high confidence scores. In addition, high deletion frequencies were also found for CNPs overlapping with other GST enzymes such as GSTT1 (60.00%), GSTT2, GSTT2B and GSTTP1 (98.65%). Two-copy deletion was common for these enzymes-17.6% of the individuals for GSTT1 (CNP2560) and 43.2% for the other GST enzymes (CNP2559).
Besides these phase II metabolizing enzymes, several disease-associated genes were also found to overlap with these CNPs, such as the FCG receptor genes (autoimmune or inflammatory diseases), 30 TP63 31 and WWOX 26 (lung adenocarcinoma, gastric, pancreatic and other cancers), CFHR3 and CFHR1 (age-related macular degeneration), 32 UGT2B17 (prostate cancer and graft-versus-host disease), 33, 34 Abbreviations: CNPs, copy number polymorphisms; UCSC, University of California Santa Cruz genes.
A full colour version of this and LCE3C and LCE3B (psoriasis and rheumatoid arthritis) among others. 35, 36 The high deletion frequency of loci overlapping with LCE3C and LCE3B (82.76%), UGT2B17 (47.13%) and WWOX (79.76%) requires further studies to investigate their associations with complex diseases such as psoriasis, rheumatoid arthritis and graftversus-host disease for hematopoietic stem cell transplantation patients. For example, the mismatch of the copy numbers of UGT2B17 was found to be associated with graft-versus-host disease in patients with hematopoietic stem cell transplantation. 34 Deletion of UGT2B17 was also associated with an increased risk for prostate cancer. 33 
Correlation analyses between CNPs and nearby SNPs
To study the correlation patterns with SNPs, we calculated the r 2 between the 648 polymorphic CNPs and nearby SNPs within a 200-kb window from the start and end positions of the CNP. The proportion of the CNPs with at least one SNP in strong correlation (r 2 40.8) was 31.9%, that is, 207 CNPs were found to be in strong correlation with at least one SNP. The median and maximum numbers of SNPs that were in strong correlation with the 207 CNPs were 3 and 44, respectively. This suggests that half of the 207 CNPs can be tagged by more than three SNPs and some of the CNPs were tagged by tens of SNPs. These results suggest that the majority of CNPs were not being well tagged by the nearby SNPs in the Affymetrix SNP Array 6.0. The strength of the r 2 value decreases with distance between the CNP and SNP (Figure 1a) . We further investigated whether CNPs that were not well tagged tend to be located in the genomic regions where SNP markers are sparse. The correlation patterns do not appear to be affected by the number of nearby SNPs and the frequencies of CNPs (Figures 1b and c) . In other words, there was no apparent difference in the number of nearby SNPs and the frequencies of CNPs between (a) the CNPs that were in strong correlation (r 2 40.8) and (b) CNPs that were not in strong correlation with SNPs (Figures 1b and c) . However, smaller-sized CNPs were generally in strong correlation with more SNPs than the larger CNPs (Figure 1d ).
Correlation analyses between CNPs and GWAS-SNPs
To investigate the potential role of CNPs in the etiology of complex diseases or traits, we computed the r 2 between CNPs and the SNPs on the NHGRI GWAS Catalog (http://www.genome.gov/gwastudies/). Of the 43000 GWAS-SNPs that have been found to be associated with various complex diseases and traits, only eight GWAS-SNPs were found to be in strong correlation with six CNPs (Table 3) . Following the methods of Conrad et al., 2 we define in our analysis a strong correlation as r 2 40.5. These eight SNPs were reported to be associated with five diseases or traits, namely body mass index, childhood acute lymphoblastic leukemia, early-onset myocardial infarction, Crohn's disease and multiple sclerosis. Several SNPs were in strong correlation with a single CNP, for example, three SNPs (rs13361189, rs1000113 and rs11747270) were found to be in strong correlation with CNP874. The most notable SNP was rs2815752 near the NEGR1 gene (associated with body mass index), which was in perfect correlation (r 2 ¼1) with CNP60. This locus is a 42-kb deletion located in chromosome 1 that did not overlap with any of the UCSC genes and is located only 1.3 kb away from the SNP. The total deletion frequency in the Swedish population was high (Table 3 and Supplementary Table  4) , of which 51.72% were one-copy deletions and 29.89% were twocopy deletions. CNP874 was found to be in nearly perfect correlation (r 2 ¼0.93) with three GWAS-SNPs located near the IRGM gene, which is associated with Crohn's disease. However, in comparison with CNP60, the total deletion frequency for CNP874 was much lower, with only 11.90% one-copy deletions and 1.19% two-copy deletions. This locus spans 13 kb in chromosome 5 and does not overlap with any of the UCSC genes. The three GWAS-SNPs were located 4.8 kb (rs13361189), 21.4 kb (rs1000113) and 40.2 kb (rs11747270) away from the deletion. The CNP877 locus is implicated in multiple sclerosis, where it is in perfect correlation with the GWAS-SNP (rs4704970). None of the individuals were deleted in both copies, and 32.56% were one-copy deletions. The other CNPs were implicated in childhood acute lymphoblastic leukemia (CNP147) and early-onset myocardial infarction (CNP333). Interestingly, all the CNPs found to be in strong correlation with GWAS-SNPs had only deletions in the loci.
Characteristics of CNV loci identified by Birdseye (Birdsuite) Similar to the PennCNV output analysis, we also merged overlapping CNVs to construct CNV loci for the Birdseye data and identified 641 loci, of which 451 were del-loci, 102 were dup-loci and the remaining 31 were del/dup-loci (Table 4 ). The proportion of del-loci (76.40%) identified by PennCNV data was higher than that for the Birdseye data (70.36%). In comparison, the Birdseye data identified a higher proportion of dup-loci (24.80%) than the PennCNV data (16.37%). However, these differences are not substantial.
The 641 loci identified by the Birdseye data cover approximately 35.23 Mb of the nucleotide sequence, and the sum of the length for del-loci (13.10 Mb) is smaller than that for dup-loci (15.06 Mb). Similar to PennCNV data, the average size of del-loci (29.04 kb) is much smaller than that of the dup-loci (94.70 kb). However, substantial differences were observed for these parameters between the PennCNV and Birdseye data (Tables 1 and 4 ). For example, the sum of lengths covering CNV loci detected by the PennCNV data (61.52 Mb) was approximately twice that for the Birdseye data (35.23 Mb), while they have an almost similar number of CNV loci.
More than 60% of del-loci were o10 kb, and in comparison, only 18.24% of dup-loci fall within this size range. The majority (52.20%) of dup-loci ranged from 10 to 100 kb. In summary, there were more del-loci, but their sizes tended to be smaller than those of the dup-loci. This is in agreement with the PennCNV data. However, the size distribution pattern of the CNV loci for the Birdseye data is skewed towards the 'smaller' end compared with the PennCNV data. This is apparent when comparing the proportions in the first two strata:
(a) o10 kb and (b) X10-o50 kb between the two sets of data (Tables  1 and 4 ). The list of the 641 loci is shown in Supplementary Table 2 .
Of the 641 CNV loci, 280 loci were detected in X2 individuals (Table 4) , and the remaining loci in only one individual. The proportion of del-loci detected in X2 individuals (43.90%) was much higher than the proportion for dup-loci (32.08%). Among the high-frequency CNV loci (loci detected in multiple individuals), several overlapped with disease-associated or pharmacogeneticsrelated genes such as WWOX and GSTT1, which have also been observed in the PennCNV data (Supplementary Table 2 ). Furthermore, the deletion frequencies were comparable between the Birdseye and PennCNV data. For example, a deletion locus overlapped with WWOX was also found in the Birdseye data. It was detected in 29 of the 87 individuals (33.33%), and a deletion locus encompassing GSTT1 was deleted at a population frequency of 11.49%. Among the 196 CNV loci (160 del-loci, 30 dup-loci and 6 del/dup-loci) that were detected by both the Birdseye and PennCNV data and consistent in their CNV status, only 21 loci differed significantly (FDR o0.01) in their frequencies estimated by both sets of data. In addition, the proportion of del-loci encompassing UCSC genes (24.83%) was much lower than dup-loci (45.28%); this finding is again consistent with the PennCNV data.
For the CNV loci detected with the Birdseye data, we also performed the 'validation' steps for overlap with the PennCNV data and the DGV. As mentioned earlier, we found 196 loci with X50% reciprocal overlap between the Birdseye and PennCNV data. For the remaining 445 CNV loci that were not confirmed by PennCNV data, we found that 322 loci have been cataloged in the DGV (please see Materials and methods). Therefore, by applying two different ways of validation, 518 (80.81%) of the 641 CNV loci detected by Birdseye were considered reliable in this study (Table 4) .
Comparison with HapMap phase III populations
The principal component analysis showed distinct clusters for populations with different ancestries. The first two principal components (PC1 and PC2) separated the African (ASW, MKK and LWK) and non-African (CHD, GIH, MEX, SWED and TSI) populations (Figure 2a ). This suggests that the CNP profiles of the African populations were substantially different from those of the non-African populations. From the second and fourth principal components (PC2 and PC4), three distinct clusters were observed (Figure 2b) . The three African populations remained as a distinct cluster; however, CHD was separated from the European populations (MEX, SWED and TSI) and the Gujarati Indians (GIH). This indicates that the CNP profile of Gujarati Indians in Houston (Texas, USA) resembles that of the European populations. Principal component analysis was also performed by restricting only the 'European cluster' populations (GIH, MEX, SWED and TSI) in PC2 versus PC4 (Figure 2b ). More interestingly, we also found that the CNP profile of the Swedish population was substantially different from that of the other populations such as GIH and MEX, but it was also appreciably different from that of TSI (Figure 2c ). These differences further justify the need to detect and characterize the CNV/CNP profile of the Swedish population.
Characteristics of ROHs
By restricting ROHs to X500 kb, a total of 14 815 regions were found in the 87 Swedish individuals with an average of 170 ROHs (Supplementary Table 5 ). The number of ROHs ranged from 105 to 220. The majority of these ROHs were o1 Mb in length (Supplementary Figure  3) (Table 5 ). The distribution pattern of these ROHs in the 22 autosomes was also studied. The larger chromosomes (chromosomes 1-8) tended to have a higher average number of ROHs per individual (Table 5) . For example, these chromosomes had an average number of 49 ROHs per individual, and in contrast, an average number of o5 ROHs per individual was detected in chromosomes [16] [17] [18] [19] [20] [21] [22] . As a result, chromosomes 1-8 also had a higher average sum of length of ROHs per individual (47 Mb) than the smaller chromosomes, that is, o4 Mb for chromosomes [16] [17] [18] [19] [20] [21] [22] . However, this pattern was less obvious when the parameters were adjusted for the sizes of the chromosomes. For example, the proportion of the chromosome encompassed by ROHs for the largest chromosome 1 (4.78%) was smaller than that for the other chromosomes such as chromosome 17 (5.14%). An apparent trend is not observed for the proportion of the chromosome encompassed by ROHs across the 22 autosomes. However, chromosomes 3, 4, 8 and 12 tended to have the highest proportions (5.90-6.16%), and, in contrast, chromosomes 16, 19, 21 and 22 had the lowest proportions (1.76-2.59%). These results were not due to differences in the density of SNPs across the 22 autosomes, as we found no substantial differences in the density of SNPs across the chromosomes (except for chromosome 19, which had a density of o2 SNPs per 10 kb when compared with the other chromosomes). Although chromosomes 3 and 4 had 46% of the proportion of the chromosome encompassed by ROHs, the density of SNPs of these chromosomes was similar to that of chromosome 16, where only approximately 2% of this chromosome was covered by ROHs (Table 5) .
DISCUSSION
In this study, 4600 CNV loci were detected in the Swedish population using two different CNV-detection algorithms, that is, PennCNV (623 loci) and Birdsuite (641 loci). From these, 196 loci were consistently identified by both algorithms, suggesting their reliability. In addition, we also identified a total of 14 815 ROHs X500 kb or 2814 ROHs X1 Mb in the Swedish individuals with an average of 170 and 32 regions detected per individual, respectively. CNVs have been increasingly recognized as a significant source of genetic variation or diversity in human populations. Detection of CNVs using SNP genotyping arrays is more cost-effective and affordable for population-based studies as compared with sequencing-based methods, which are limited to only a few individuals. [37] [38] [39] This has enabled our study to investigate the population characteristics of CNVs. Although 4600 CNV loci were identified, only 268 were detected in at least two individuals by PennCNV. Similarly, Birdseye also found 280 common CNV loci in the 87 Swedish individuals. More importantly, these common CNV loci were found to encompass several disease-related and important drug-metabolizing genes, suggesting that these loci warrant further characterization and study for their associations with the relevant diseases or traits.
We applied two different algorithms to detect CNV loci as a validation step; 196 loci were found by both the algorithms and these loci were also consistent in their CNV status ('del' , 'dup' or 'del+dup'). In the majority of the 196 loci, the population frequencies were also in good agreement between PennCNV and Birdseye data, indicating that these CNV loci are highly reliable. In addition, most of the CNV loci detected by PennCNV (470%) and Birdseye (480%) can be 'validated' by comparing them with each other and with the DGV. The proportion of CNV loci overlapping with the DGV was approximately 62% and 72% for PennCNV and Birdsuite, respectively. These percentages could be overestimated because of the false-positive entries in the DGV. Of the 196 CNV loci that were identified by both algorithms, 53 loci had not been previously cataloged in the DGV, which represents a subset of reliable novel CNV loci identified in our study. The list of CNV loci in the DGV is not as yet complete as results from only 42 published studies were documented as of November 2010 (http://projects.tcag.ca/variation/).
On performing the correlation analysis between CNPs and GWAS-SNPs, our results also indicated that several CNPs could be potential causal variants because of their strong correlation with the GWAS-SNPs. Notably, the strong correlation between the CNPs and the GWAS-SNPs near NEGR1 and IRGM for body mass index and Crohn's disease, respectively, are consistent with previous studies. 40, 41 Our study has a higher sensitivity than the study by Díaz de Ståhl et al., 10 which only detected an average of 15 CNVs per individual compared with our study, which detected an average of 36 CNVs per individual. An average of 4 clones per CNV was detected in the Díaz de Ståhl et al. study, whereas in our study, each CNV was detected by an average of 51 markers (Supplementary Table 1 ). The ability to detect smaller CNVs was also demonstrated in our study, because the average size of CNVs detected by Díaz de Ståhl et al. was approximately 3.5-fold (358 kb) larger than that in our study. Although Díaz de Ståhl et al. also clustered individual overlapping CNVs into loci, their analysis was performed using data from different ancestries (33 Europeans, 24 Africans and 14 Asians), whereas the CNV loci constructed in our study were based entirely on the data from 87 Swedish individuals. Therefore, our list of CNV loci and their frequencies was more representative of the Swedish population.
We did not compare our results with existing data from published studies because of the methodological issues in CNV and ROH detection in the different studies. As different studies have used different platforms, quality control criteria and methods to construct CNV loci and detect ROHs, comparisons with published studies would not be valid. Therefore, we would need to analyze the data from different populations with same analytical procedure. Furthermore, such a comparison is beyond the scope of the current paper and will be addressed in a future publication. However, to provide some preliminary insight into the population differences, we compared the CNP profiles of the Swedish population with the HapMap phase III populations. This comparison was appropriate as we analyzed the CNP output for the HapMap III populations generated by Canary similar to the Swedish population output. As expected, the results of our analysis showed that the CNP profile of the Swedish population was substantially different from that of the African populations (ASW, MKK and LWK) and CHD. More interestingly, the CNP profile of the Swedish population was also considerably different from that of other European populations (MEX and TSI) and GIH. This further supports the importance of delineating the population characteristics of CNVs/CNPs in the Swedish population.
There are a number of limitations when using SNP genotyping arrays to detect CNVs and ROHs, and the CNV and ROH list reported in our study is not complete. Future studies will require higher sensitivity methods and larger sample sizes for a more thorough detection of CNVs and ROHs. Nevertheless, this is the first population-based study to investigate the population characteristics of CNVs and ROHs in the Swedish population. This study found many reliable CNV loci and also highlighted numerous loci that warrant further investigation for their medical or pharmacogenetic importance. The abundance of ROHs detected in the human genome also suggests the importance of studying their associations with complex phenotypes.
